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A generalized single-electron-gas energy transport mode] for simulation of sub-

micrometer dimension GaAs devices is described, in which the effects of the heat

flux and the potential energy of the electrons in the upper valley are included. The

electron temperature includes the effect of introduction of the potential energy.

A numerical method for rigorous solution of the current continuity and energy

transport equations is presented. A two-dimensional general device simulator -

UMDFET was developed using some of the principles of the model and has been

used to simulate EPROM devices.
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Chapter 1

General Information

UMDFET (University of Maryland Field-Effect Transistor Simulator) 11,2,3,4,

5,(] is an newly devclopcd, user-oriented, two-dimensional numerical device sim-

ulation program, which may be used for MOSFETs, LDD devices, MESFETs,

lIEMTs and planar multi-layer structures. The device material can be Si, GaAs

or any other material for which a user can provide characteristics. Both a drift-

diffusion (DD) model and an energy transport (ET) model are available. In the

latter, the two-dimensional energy balance equations are rigorously solved, includ-

ing heat flux and diffusion terms, and impact ionization as well as the potential

energy of electrons in satellite valleys in compound semiconductors. UMDFET is

capable of simulating the performance and reliability of devices with deep submi-

cron channel lengths and under high bias operation.

-- - - ,J nwm, annmmunl nnnannn nnnnl 1



1.1 User's Guide

UMDFET is a friendly simulation program which can interact with a user, and

guide the user to a successful simulation.

UMDFET has the following capabilities:

1. With the energy transport model, UMDFET can accurately simulate de-

vices with effective channel lengths bclow 0.1 micron. Such short.channel

effects as velocity overshoot and electron temperature lowering are accu-

rately describcd[4.5]. Refer to TM of OPTION card in Chapter 2.

2. UNIDFETr is able to calculate hot electron induced gate injection current

and substrate current [3,6]. Refer to I0 in OUTPUT card for gate current;

IMP and TM in OPTION card and IMP in OUTPUT card for substrate

current.

3. User can, easily specify materials, i.e, Si and GaAs, or any other material

whose characteristics are known. Refer to LAYER in Chapter 2.

4. Capability of analysis of planar multi-layer device structures enables user to

simulate conventional MOSFETs, LDD MOSFETs, MESFETs and IIEMTs.

Refer to DEVICE, LAYER, PROFILE, IMPLANT and LDDIMP cards in

Chapter 2.

5. User can get on-line information on the UMDFET simulation process by

specifying PRINTLEVEL, so he/she can check whether the simulation is

processing properly.

G. Convergence at very high bias is good. Methods of global convergence check-

ing, 2D potential extrapolation and convergence refining are used to improve

convergence[2,3]. Refer to OPTION and END cards in Chapter 2.
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7. User has good control of UMDFET in order to achieve optimum simulation

on a specific problcem. Refer to JNTBIN, NREFINE, MCYCLE, ERROR

and PRINT in Chapter 2.

S. UMDFET has two kinds of simulation bias modes, i.e., an I-V curve gen-

erating bias mode and an EPROM bias mode. Refer to BIAS and STEP.

9. UMDFET can usc previous UMDFET simulation results as an initial

guess for a new simulation. User can refine the convergence of a previous

simulation to any desired lcevel, so that a hard-convcrgencc problem can

be solved incrementally. Refer to INTIlN and NREFINE in OPTION in

Chapter 2.

10. User has thiree opt ions for- mesh gencrationi:

l) user defined mesh;

2) taking a niesh from UMIDFET.INT;

3) auto-mesh generation.

Refer to MESH in Chapter 2.

11. Auto-nmcsh updating.

12. Versatile doping profile generation.

Refer to PROFILE. and LDD in Chapter 2.

13. Good interfaccs. Refer to UNIDFET File System and Block Diagram.

3



DEVICE SIMULATION FOR 0.1 MICRON MOSFETS - Performance and Reliability

Jeffrey Frey
University ot Maryland. College Park, MD 20742

The Energy Transport jEl) method for solution of the Boltzmann I ransport Lquation is
an efficient and economical approach V) the simulation ot the pertormance and rehability
ot devices wtn acnive lengths down to only hundreds of Angstroms Inis method is rapid
enough, even with accuracy-ennancing measures taken. and when applied to two-dimensional
problems, to be used at an inaiviual engineers worKstation

While original ET device simulations were confined to use ot a s'mmetrical distribu-
tion tunction, current simulations using this method either add an aaitional moment equa-
tion, to account for neat flow, or approximate the distribution tunction witn physically
reasonable functions. We have adopted the latter approach, and incorporated ne method
into our two-dimensional device simulation program UMOFE r.1 1j I le distribution I unction we
use is an expansion in Legenare polynomials, to account tor a spnerically symmetrical and
an asymmetrical component. and yields energy distrioution function results very close to
those obtained by MC simulations--at a very small traction ot the cost. In addition use
of this expansion allows the E I moment equations to be expressed in very simple and easily
calculable form.

We have used these methods in our two-dimensional : I program to study n-channel
silicon MOSFET s with gate lengns between 0 05 ano 0.25 microns. Wfith constant-lield
scaling, maximum electron temperature in these devices decreases signihcantly as channel
length decreases. for channel lengtns less than & 18 microns. Tn phenomenon., whmclh is a
result ot the decreased ratio of electron transit time to energy relaxation time as gate
lengths are shortened, indicaies tnat snort-ciar -l devices can be more reliable tnan)
similar long channel devices as jnocated also by recent experiments. 12j

Our short-channel E: simulations which require only SUN-level worlstations show that
rot-electron related MOSFE I reiaomity problems should become less tlireateninq tor silicon
MOSFE] s wtr, very short channel lengths rhese simuiations will be equally useul ior
preaicting basic device performance factors as well--it suitable pror - sreiat,( constani
can be obtained--as for predct i ripvce reliabiliy

j IJ Z. Peng "UMDFET A Two-dimensional General Device Simulator and its Application in
EPHOM Analysis", Master s 1hesis ot 1989, in the University of Mar yiand.

[21 G.G. 5nahidi, D.A Anioniadis, and H I. Smith, 'Reduction of Channel Hot-Electron-
Generated Substrate Current in Sub- 150nm Channel Length Si MUzSFE f, IEEE Electron Device
Letters, vol 9, no 10, p 497.1988



SUSCE7HBILrTY OF GALLIUM ARSENDE AMPLIFE[S TO SINGLE PULSES OF INTENSE
MICROWAVE RADIATION

John IL Mc.Admo W. Ih1BOllen. Robert Scejey, 'WMl Came
NMiacm Resar Corp.,Newiugton. Va.
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Rectification Failure in GaAs MESFETs Subjected to Single Pulses
of Intonse Microwave Radiation

John H. McAdoo, W. Michael Bollen, Robert Seeley, and Will Catoe
Mission Research Corporation

8560 Cinderbed Road
Newington, VA 22122

Jeffrey Frey
Department of Electrical Engineering

University of Maryland
College Park, MD 20742-3020

Rectification failure has been found to be a major high-power microwave fail-
ure mechanism in amplifiers employing gallium arsenide metal field effect transistors
(GaAs MESFETs). The mechanism results in the destruction of the rectifying prop-
erty of the Schottky junctions. A junction that has so failed can no longer block the
flow of current in either direction and acts as an ordinary ohmic resistor. Catastrophic
failure follows from current driven by bias voltages through the failed junction.

Previous investigators employing trains of lower power pulses had identified
metal migration as a key failure mode for extended exposure to moderate levels of
microwave radiation (1-5). However, we have found the failure signature to be different
when damage is caused by single high power microwave pulses lasting for a time short
compared to the thermal transfer time of a MESFET gate (6). In 1986 Anderson (7)
described a single pulse failure mechanism called "subsurface burnout." He based his
arguments on postmortem observations of the surfaces of the damaged devices.

Rectification failure differs significantly from subsurface burnout. We have
identified rectification failure with a combination of diagnostic techniques never before
brought to bear. High-speed photography was used to clock the emission of optical
radiation after the arrival of the high power microwave pulse, optical spectroscopy was
employed to determine the source of the optical emissions, and rf spectroscopy was
applied to monitor the generation of harmonics of the incident radiation as a function
of time during each test pulse. Devices tested included packaged low-noise amplifiers,
and power amplifiers. The tests proceeded by the direct injection of a single pulse
of microwave radiation into the input port of the device. The pulses typically lasted
for 100 ns. Testing would start at power levels too low to inflict damage and would
proceed with successively higher power pulses until damage was observed. Devices
were tested both with and without bias voltages applied.

1



ENHANCED RELIABILITY IN SI MOSFET'S WITH CHANNEL
LENGTHS UNDER 0.2 MICRON

Lindor Henrickson, Zezhong Peng, Jeffrey Frey, Neil Goldsman
Department of Electrical Engineering

University of Maryland
College Park, MD 20742

RESULTS
ABSTRACT Sample profiles for lateral electric field at the surfaces of

Simulations of n-channel silicon MOSFET's with gate three of the simulated devices, and the resulting curves of sur-
agths between 0.05 and 0.25 microns, performed using a two face electron temperature as a functon of distance from the
menuional self-consistent energy transport model, show that drawn gate edge, are shown in Figure 1. The results are
ith constant-field scaling maximum electron temperature de- summarized in Figure 2. These results show that for channel
eaes significantly as channel length decreases for channel lengths below 0.18 micron the maximum electron temperature,
ngths less than 0.18 microns. This result, indicates that related to the maximum energy available to cause reliability
iort-channel devices can be more reliable than similar long problems, decreases as channel length is decreased. For chan-
iannel devices. nel lengths above 0.18 micron the maximuw - -ctron energy

changes litt'I. For ;er" long -hannels elec...,n temperature
INTRODUCTION is expected to approach a maximum value around 4300K, the

Reduction in MOSFET channel lengths and consequent temperature reached in a constant 200KV/cm field.'

icreases in peak electric fields have led to reductions in de- DISCUSSION
ice reliability through hot-electron effects such as threshold
oltage shift and parasitic gate current. However, it is im- The electron temperature shown in Figures 1 and 2 is an
,ortant to realize increases in electron energy require not only average quantity which is a measure of the "randomness" of the
hat high electric fields be present, but also that sufficient scat- electron energy, i.e., the spread of electron energies around an
ering events occur to randomize electron momentum and/or average value. Thermalization, an increase in this randomness,
nergy. As channel lengths are shortened, chances that such is caused by scattering events as the electrons travel through
nteractions are "sufficient" are reduced, and for a given field, the device. A higher electron temperature at any point implies
.lectrons in a shorter device may acquire less energy-i.e. be- that more electrons have undergone randomizing collisions up
ome less "hot"- than electrons in a longer device. In fact, re- to that point. Some of the electrons may have, on balance, ac-
:nt experimental results indicate' that hot-electron induced quired energy from the lattice; some may have lost it. Electrons
ubstrate current in Si MOSFET's is reduced with channel with energies larger than the lattice temperature are "hot". If
engths less th.a 0.15 micron. Therefore, the hot-electron reli- hot enough, these electrons cause reliability problems. In any
ability problem may not monotonically become more severe as case, the average electron temperature (plotted in Figs. 1 and
,hannel lengths are decreased. 2) is an indicator of the spread of energies to be found in the

electrons; the larger this spread, the greater the number of hot
In order to verify this apparent shorter-channel benefit, electrons.

and to quantify where beneficial results might be expected, we

bave investigated the behavior of n-channel silicon MOSFET's In a MOSFET electrons are accelerated by the lateral elec-
with gate lengths under 0.25 micron, using techniques which tric field over the length of the channel. If the channel is very
yield true electron energies. These techniques are very efficient, short, the field has only a limited time to act on the electrons,
ronsuming only a few minutes of SUN 3/60 cpu time per device and the electrons can suffer only a relatively few randomizing
bias point. Thus, submicron device reliability predictions can collisions. However, as channel length is increased, the elec-
be made using an engineering workstation. trons have time to reach a maximum value of energy (i.e., the

range of energies which they exhibit reaches some equilibrium
THEORETICAL TECHNIQUES value). Figure 2 shows that this critical length is around 0.18

N-chAnnel silicon MOSFET's with channel lengths micron for the field profiles we have used. This is also the
between 0.05 and 0.25 micron were simulated using the pro- value of channel length at which velocity overshoot, a related

gram UMDFET. 2 ,3 UMDFET self-consistently solves the Pois- effect, has been shown to appear in short-channel MOSFET's.,
son, continuity, and energy balance equations in two dimen- A more complete discussion of the relationship of electron tem-

sions. Changes in electron energy due to acoustic and optical perature to device reliability has been given elsewhere7.
phosoc scattering, heat flow, and diffusion are included. CONCLUSIONS

The devices in our computer experiment were designed so In very short-channel devices, the transit time of electrons
W to keep the magnitude and shape of the lateral electric field through the high electric field may be shorter than the en-
the same in all. Doping concentrations and bias voltages on ergy relaxation time. When this happens, the electrons do
the gate and drain were therefore adjusted, as shown in Table not have enough time to fully exchange energy with the lat-
1. A maximum lateral electric field of 200KV/cm was imposed tice. The result is a lower average electron temperature than
an all devices. The gate and drain bias voltages for each device would occur in a similar long-channel device. Hot-electron re-
were kept almost equal so that the transverse electric field was lated MOSFET reliability problems should therefore become
negligible in eomparison to the lateral electric field near the less threatening for silicon MOSFET's with very short chan-
drain, where the electrons reach their maximum temperature. nel lengths, even if the electric fields and drain-source voltages
The ambient temperature for all of the devices simulated was in these devices remain relatively high. For devices scaled as
SOOK. those here, improvements should be noticed for channel lengths

under about 0.18 micron.
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L Nd Na xj tox Vg Vd 0.00 0.05 0.10 0.15 0.20 0.25
0.52.0192361 003 0 0.00.25000 5 000

0.08 2.90e19 2.36e16 0.013 20 0.60 0.56
0.108 2.0el9 2.36el6 0.013 25 0.64 0.600
0.15 3-00e19 236e16 0.018 25 0.90 0.83400 40

0.18 3-00e19 3.47el6 0.018 25 0.98 0.908300

0.25 5.90e19 2.64el6 0.038 25 1.50 1.45
C

L=gate length 200C -20

Nd=max. doping concentration at drain and source (cm-3)
Na=irnplant concentration in channel (cni-3) 1000-00
xj=drain and source junction depths (micron)
tox=oxide thickness (nm)
Vg=gate bias (V) 0 ___________0_____

V.d=drain bias (V) 0.00 0.05 0.10 0.15 0.20 0.25

Vs=Vb=0.0, where Vs and Yb are the bias voltages of the channel length (mcron)
source and bulk (Device doping profiles obtained using
process simulator from MINIMOS. Drain and source
junctiotis are difused As, channels are B ion implants) Figure 2. Maximum electron temperature at surface of chan-

nel vs. channel length for 0.05, 0.08, 0.1, 0.15, 0.18, and 0.25
gate length n-channel silicon MOSFET's with peak lateral elec-
tric field of 200KV/cm. Error bars of +/-150K reflect under-
certainties in scattering parameters and simulation program

Table 1. Device parameters of the simulated MOSFET's. convergence tolerances.



Efficient calculation of ionization coefficients in silicon from the energy
distribution function
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A method for calculating impact ionization coefficients by solving the Boltzmann transport
equation is presented. The distribution function is taken to be expressible as a Legendre
polynomial expansion, which is substituted into a Boltzmann equation that incorporates the
effects of nonparabolic band structure, deformation-potential phonon scattering, and impact
ionization. The resulting Boltzmann equation can be expressed in a linear form, and solved
using sparse-matrix difference-differential methods. Ionization coefficients are obtained
directly from the distribution function. Calculated values for the ionization coefficients agree
very well with experiment for electrons in silicon.



RELY: A PHYSICS-BASED CAD TOOL FOR [ ME-DEPENDENT HOT-ELECTRON

INDUCED MOSFET RELIABafrY INVESTIGATIONS
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College Psr, MD 20742, U.S.A.

The ET-BTE model consists of five equations: the Energy
Transport equation (ET) (I), and the Boltzmann Transport

RELY, a new MOSFET simulaor for predicting hot- equation (BTh) (2), as well as the Poisson (3), continuity (4)
electron induced degradation problems is presented. RELY and current (5) equations.
uses the disrbution function calculated by solving the Energy 3- ((
and Boltzmann transport equations to allow prediction of theV (sva) tovE+n6)-w()
time dependence of gate-leaLage curent, oxide ch€arg [.] (wk)

deposition, and device I-V characteristics. Results agr with l Efr Vkf(k)= ()
experinent and Monte Carlo calculations, and am obtained in JAV
only severl CPU minutes. V.Viv+ {e)( - +N)z0 (3)

V. JneR (4)

INTRODUCTION J,=-e (g V - DVn) (5)

wher i is te eeosttic potential, n and p we electron and
We present her RELY, a novel, physics-based CAD tool hole concentrations, N is the net fixed charge density, R is the

for predicting MOSFET relabilty problems. As device nt reb bi nto e, J is de electon current density V,= -
dumnsions continue to shrink, many forms of device
degradation will be prevalent. Gate-leakage current, threshold ent). u, " E, f(k). E& to, and k. am the elec'rn average
voltage shifts, and tansconducce its, asing from ho- velcity. electron avege energy elecic fie disibution
electron damage. art particularly threatening. these phenomena function. effective electric field, energy relaxation time and
degrade device operating charactenstcs over tine, and may
ultimately lead to device failure. Models previously proposed wave vector respectively. The subscripts a" and iv in the STE
for pretdcig reliabilry problems, including the popular epresentl the effects of acoustic and intervaley phonon
Richardson's Equation Method for emission o-ve a barrier. we scattering on the disaibution function.
often based on the incarrect assumption that the electon To facilitate predicting tine-dependent device reliability
distrbution function is Maxwellian 11). Other Methods, problems, RELY calculam the change in currents and
including Monte Carlo sniularion. am more physically electatc potential due to hm-lectron degradation as a
rigorous, but require prohibitive amounts of CPU time, arnd art function of operaion time. To begin these calculaions, the
thus inappropriate for use in most CAD tools for predicting initial values (tne t0) for electrostatic potential and carrifr
device rebability 12] concentrations are pr ided by a 2-D Pissan-contnut

The new device reliability smulator, RELY, is both equation solver, such as MINIMOS [3]. With coniena"on and
physics-based, and computationally efficient. RELY uses a potential as input, RELY then solves the e ergy balance
new. Energy Transport-Bolmmann Transport Equation (ET- equation (1) in two dimensions. To solve equation (1). a finite
STE) model Since RELY is physics-based, die need for many diffe'nce (FD) scheme is aplied. Discretizatri is performed
fiwng parameters, often associated with predicting device at boundary elements by rmidafication of the FD formulae using
degradation, is eiminated The ET-BTE mode uses rel device the mina imnage lechnique [4]. This technique provides more
physics - scartering mechanisms and nonpartbolic band ccumse use of equation (1) by eliminating the typical
structure - to calculate the avenge electron energy and t requirnent that carrier and lattice temperues be equal at die
electron distribution function throughout a device. By utilizing boundaries. Finally, a constant value for energy relaxation
this information, RELY predicts MOSFET pie-leakage current time, shown by Monte Carlo calculations to be 2.6x10" !3 sc,
and threshold voltage shift io ascertain thei effects on device is used 15]. The solution of equation (I) provides the average
operat ion as a function of atressina tme Excellent election eagy as a function of the device's space coordinates.
ageement with experiment is antined. calculations have also Device remgions of high electron energy we potential problem
been shown to agre with Monte Carlo simulations while .s.
requiring less than /lO the CPU tn e oevaluate. To Find tie distibution f ction at ich chumanel

cordinate, the average energy found above is used in
MODEL DESCRIPTION omjunction with solutms io die homogeneous-field Boltzmann

Transport Equation (2). Due so its compleyity, we present here
LLTILMode only a symbolic prentatm o d BTE Within RELY. The

homogeneous-field 3TE i Jrmuled using L.gerldte
Pol~Imo s, while munw g for te effects of slicon's;



nonparabolic band stucte, intervalley and acoustic phonon of channel c ordinate. Total gle-leakage crrent I is obtained
sca'oing (6 The deas of the phonon collision integals ar by integrating J,(x) along the channel:

expressed in inns of deformation potential scanering theory
Values for deformaton potentials ae identical to those used for
Monte Caio calculadons m. To m*unt for space dependence In-wgj. J()d (9)
an effective eect eld E, is used as input to equation (2).
Ed is obtained by mapping position-dependent average 9= W. is the width of d MOSFET gate. 1 and xd we the souce
found from the solution to equation (I), to the coesponding and dain coordites Pec Fvs y.

elecmc field on the bomogenous-average-enrgy venus
electic-field curve. This curve was calculated by Monte Carlo Oxide Charae Buildun and Deice Degrdation in

analysis Ir-forthand. After inpumng Ee, RELY nuneicay Lie

solves the BTE using tie finite diffmaece method. A sma fraction of the hot electrons which surmount the
The solutions to the above five equations Provide the oxide barrier becocie rapped in oxide sates The oxide charge

average cswW and the elec n distibution function duoughout deposition gives rise to higher channel resistivity and incrtased
the device, as well as the I-V characteristics tueshold voltage, and ultimately affects the basic I-V

characteristics of the device RELY predicts Wi-dependent
Gate.Leakave Current oxide charge buildup by using the following equation which

describes the exponential relationship between the occupation of
MOSFET gate leakage current appears when electrons oxide states, the gate current density, and the device sessing

gain enough energy to sw'mount or tunnel through the oxide tim 19:
barrier The magnitude of tharnally-emiued gate-leakage current J(x ,.1
is jpven by the nunber of electrons which are energetic enough NI)=X..No1, l-exp( ' 5 I (10)
to surirn'unt the oxide barrier, multiplied by their respectve i
velocities in tdi of t d where Ncu is the density of type i oxide trps. N,(t) is t,
given as

" number of oxide states filled at time t, o, is the cross section of

JI(x) n(x) (6) oxide tap i
o Using the previously calculated gate currnt density,

where J,(x) is the gate current density, n(x) is the electron RELY evaluates equation (10) to predict values for oxide charge
concentraton. Lko is the minimum electron wave vector a cumulaton with time. The default values for tap densities

and cross sections are I10]
necessary for surmounting the oxide barrier, vz(k) is the 0 = l.1xlO-17 , 02a Sg.lxl"10 7 , 03w 1.93xi0 - 16

electron velocity perpendicular to the interface, F(xk) is the
space-dependent momentum distribution function. Nm1-9.65x1011 No - 9.43x101n No 3 - .11012

By performing a gnat deal of algebraic manipulations, The irapped charge distributons in the oxide often cause a
which an made ddficult by silicon's ellipsoidal. nonpanboc localized perturbation on the potential and carrier distibutions
band strure, we convert the above equation to an explicit near the drain region of the device. This perturbation potential is
expression for calculating gate current density in MOSFETs determined in two dimensions using the time perturbation
(8] This ne expression is similar to Richardson's equation for
thermal emission over a barrier. However, unlike Richardson's method [II]. At time ti, the Poisson's equation can be written
equation which is based on a Maxwellian. the new expression is as
derived from the physics-based hot-electron distribution V.x (x,yj 1 ) ip(xiyci)/r 1  in OXde (11)
function, which is found from the ET-BTE model described
above. This new expression is V .Vo (x,y,t I) a e(n'-p'-N) / E in silicon (12)

(x)-2xen(x) 2 .n,) I__. 4_2,.__f(.Od (7) where f (x.yt 1) is the new potential because of the perturbation

ja I  a J1  caused by the rapped charges, n' md p' am dhe eew dewcun
where an and m, we silicon's tansverse and longitudinal and bole onceastions, p(x,yht) (- e NX(x,yht)) is the

effective masses respectively, gc) is silicon's nnparabolic trapped oxide charge calculated above.
The new potential can be deciposed into a time

dispersion relation 17). #, is the oxide barrier height, f(x,1) is independent pan an a &ne dependent pat. At tizm 1,
the space-dependent energy disoibution function, which has
units of cm3; it gives the probability of finding an eleln i the (X,y. 1) p.y) o Ue(Xy.t ) (13)
vicinity of eerwhere u(xy.) is the pertrbaion potential at time

The ers of Schoan barrier lg and eiectron We smt with a potential distribution mnd eecron
nelg er ccounted for by ajus t oxi aerir o nght concentrations obtained om MIM OS. Then. the

according to the following expression (9]. p urbato poe)i is obtained after mbstituting relation (13)
in in ~ ~~into 0I1) and 012), and lierzn the resltig equations. After

O' a3.1-bEO ED (S) the peruraion potential is dtermined local c'nmons an

E0, is the electric field in dte oxide. a and b. which have been made to tie carner concnairons In time, as more charge
becomes trapped in d wide. we penodicaly me die

determinedby c pai with irient have die values peurbabon method so ts.mvlWua die Poiso and continuity
Ixl0-5e(cm 2V)I' 3 ad 2.6xl0 e(cmV)ln rmspectively. equations. At each im t, The new I-V dcan stics and

RELY mmvicay isacgrates equation (7), while threshold voltage shift me mkuhaed mng the updated podential
Iserting pper v aJues for f(cz) determined by dweET-BTE distributions and charge oinacem nosas. The flow diagram of
method, so acrain gate kma e current density as a function RELY is shown in Figure 1.
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MOSFET HOT-ELECTRON GATE CURRENT CALCULATION BY COMBINING
ENERGY TRANSPORT METHOD WITH MONTE CARLO SIMULATION

Shiuh-Luen Wang, Neil Goldsman, Undor Henrickson, and Jeffrey Frey

Deparment of Electrical Engineering, University of Maryland
College Park, MD 20742, U.S.A.

ABSTRACT ET-MC MATHEMATICAL MODEL

Ths paper describes a novel technique, which The ET-MC is composed of a homogeneous-field
combines the attributes of the Energy Transport and Monte Carlo calculation in conjunction with the Poisson
Monte Carlo methods, for determining MOSFET gate (1), continuity (2), current (3), and energy balance (4)
current that arises from electron heating in the device, equations.
This method is based upon a rion-Maxwellian hot- V . .+ (p - = 0
electron distribution function found from Monte Carlo 2
simulition, and uulizes, a physically-calculited average
electron energy. Calculated values for gate current of a V']n = eR (2)
sample subnicron MOSFET device show reasonably
gooi agreement with experiment without the need for J1 -(,n n V y - Darn) O)
any fitting parameters. -w=evE -nw 4u.a= e(pEf) - -2 V(noa) I- (4)

3n [_ to IcoII
where n, p, J,,, v, w, E, R, I., and D. are the electron

INTRODUCTION concentration, hole concentration, electron current den-
Hot electron injection into the gate oxide is the sity, electron drift velocity, electron average energy,

underlying mechanism largely responsible for MOSFET electric field, recombination rate, mobility and diffusion
gate leakage current, MOSFET performance degrada- coefficient respectively.
tion, and EPROM programming. To accurately investi-
gate these hot-electron phenomena, the energy distribu- ET-MC ALGORITHM
tion function is needed. However, neither the conven- To evaluate the mathematical model described
tional Drift-Diffuston (DD) model nor the more complex above, we perform the following operations.
Hydrodynamic Energy Transport (ET) model provide 1. The electrostatic potential and carrier concentrations
the distribution function. Therefore, much effort has within the device are calculated by a 2-D Poisson-
been inveted in predicting oxide injection. Many continuity equations solver, such as MINIMOS or
models previously propowd, including the popular UMDFET 14,51.
Richardson's Equation method 11,21, are based on the 2. The average electron energy as a function of device's
disputed assumption that the distribution function is space coordinates is obtained by solving energy balance
Maxwellian. Other approaches do not make such an equation (4) using the algorithm described in reference
assumption, but are computationally too expensive to 16]. The electric field obtained from the above Poisson-
be of day-to-day use for device debign 131. continuity solver is used as input to equation (4).

In this paper we present a novel technique, 3. An effective-electric field profile is then determined to
which couples the Energy Transport and the Monte facilitate determining the space-dependent distribution
Carlo (MC) methods, to determine oxide injection and function.
MOSFET gate current. The merits of this new Energy 4. The space-dependent distribution function is ascer-
Tranbport-Monte Carlo (ET-MC) approach are: (I) it tained using homogeneous-field MC simulations with
incorporateb the semiconductor baid structure and the effective field as input.
SCattering mechanisns; (2) it requires less Cl'U time 5. The gate current density is found by employing ther-
than a standard MC analysis; (3) it uses a robust distri- mion ic enission arguments while using the newly-
bution function tail population-enhancenent %cheme; calculated distribution function.
(4) it is a candidate for CAD applications. The novelty of this work is contained in steps 3

through 5 which are described in detail below.



Effective-Electric Field Profile higher energies, or lower and lower probability regions,

To account for the effects of nonlocal by iterating this scheme many times.

phenomena we define an effective-electric field profile. This process may be more easily understood in
We determine the effective-electric field by mapping the mathematical terms. If NI(c) is the occupation number
average energy to the corresponding electric field on the in the initial easily-generated energy histogram at an
homogeneous-electric field versus average energy curve, energy c, N2() is the number obtained at energy c in
which is shown in Figure 1. After performing this the tail, and ei is an energy breakpoint, then the weight-
operauon for each space coordinate, an effective field ing at each energy breao.: is- - -,-,
profile is obtained. The space-dependent average energy
has already been found from the solution of energy bal- 1. For e a i
ance equation (4), while the homogeneous-electric field (
versus average energy curve was calculated by MC N(0)=N(r)-tN 2(c) vS)
analysis beforehand. The effective and the actual electric 2. For c a c, multiply each such N(c) by the weighting
field profihes in the channel, parallel to the interface, are factor
shown in Figure 2. N1(c(6

Space-Dependent Distribution Function I NI(Ed + N2( )
For plomena which occur in :ilicon on the 3. The unnormalized distribution function is then given

tile z..ale oI die energy relaatiosi time. the average 11'
eleciron energy is an accurate parameter to use .as a Fie:) = Nl(e) C5 <  (".)
guideline for interpolating homogeneous-field
phenomena to space-dependent phenomena 171. We F(E) = N(c)W(") c a ci (7b)
utilize this concept to determine the space-dependent
di:itnbution function from homogeneous-field MC cal- Cate-Leakage Current Calculation
culations. More specifically, we first determine points MOSFET gate leakage current appears when
where average energy is greatest. We then perform electrons gain enough energy to surmount or tunnel
homogeneous-iied MC simulations at each of those through the oxide barrier. The magnitude of thermally-
poin,- using the effective-electric field values as input, emitted gate-leakage current is given by the number of

electrons which are energetic enough to surmount the
Calculating the High-Energy Tail of the Distribution oxide barrier, multiplied by their respective velocities in
Function the direction of the oxide. Mathematically this is given

To obtain the tail of the distribution function, as
where the occupation probability is very small, we
divide our energy domain into high and low regions. g(x) =en(x)v(k)F(x,k)3k (8)
We first generate a distribution in the low energy region
where electron states are easily accessed. Once this where I- is the gate current density, n(x) is the elec-
region is statistically well defined, i.e., enough events g
have occurred to make the curve that is well defined, or tron concentration, k. is the minimum electron wave
smooth around this point, we need not generate any vector necessary for surmounting the oxide barrier,
more events in this region, it is considered known. vz(k) is the electron velocity perpendicular to the inter-
Now we start the electrons at the next energy region. face, F~rk) is the space-dependent momentum distribu-
This region begins at the highest energy point where tion function.
this initial distribution function is well defined. We let By performing a great deal of algebraic manipu-
this stage of the Monte Carlo proceed as usual, but lations, which are made difficult by silicon's ellipsoidal,
when the electron energy falls below the energy break- nonparabolic band structure, we convert the above
point we have picked, it is thrown away and another equation to an explicit expression for calculating gate
electron is started again at this breakpoint. The part of current density in MOSFETs Is]. This new expression
the distribution function generated by this sequence of is similar to Richardson's equation for thermionic emis-
events must now be properly weighted with respect to sion over a barrier. However, unlike Richardson's equa-
the initial distribution function. This is easily done, lion which is based on a Maxwellian, the new expres-
because we already know the 'correct probability of an sion is derived from a physics-based hot-electron distri-
occurrence at the energy breakpoint from the initial dis- bution function, which is found from the ET-MC simu-
tiribution function. Thus, we match values for the dis- lation described above. This new expression is
iribution function at the breakpoint. This matching is 1
accomplished by multiplying a of the probabilities in 2 MI~mm 2 9
the low probability region by a single weighting factor. I(')  .,. ('9)
We can extend the distribution function to higher and 3 1119



where and mI are silicon's transverse and longitudi- appropriate for use in the computer aided design of

nal effective masses respectively, ) is silicon's nonpar- semiconductor devices, especially after establishing a

abolic dispersion relation, 08 is the oxide barrier height. database of distribution functions.
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